ABSTRACT: A dynamic cross-linked supramolecular network of poly(glycidyl methacrylate)s derivative chains was constructed on mesoporous silica nanoparticles via disulfide bond and ion−dipole interactions between cucurbit [7] urils and protonated diamines in the polymer chains. This kind of multifunctional organic−inorganic hybrid material with pH-and glutathione-(GSH-) stimuli responsiveness can be applied to anticancer drug delivery and controlled release. Good release performance toward doxorubicin hydrochloride (DOX) was achieved under the simulative tumor intracellular environment (pH = 5.0, C GSH = 2−10 mM). Significantly, the release amount of DOX increased upon lowering the solution pH value and increasing the concentration of GSH, as demonstrated by a series of controlled release experiments. Furthermore, the DOX-loaded hybrid nanomaterials displayed apparent cell-growth inhibition effects to cancer cell lines, as evidenced by MTT assay and confocal laser scanning microscopy.
■ INTRODUCTION
With the development of materials science and synthetic chemistry, a variety of stimuli-responsive controlled drug delivery systems (CDDS) have been designed to improve the efficacy of conventional chemotherapy and reduce its side effects. 1−3 In the past decades, organic−inorganic hybrid nanoparticles, 4 ,5 supramolecular nanoparticles 6 and liposomes 7 have been employed as nanocontainers to construct CDDS. As is well-known, mesoporous silica nanoparticles (MSNs) with large specific surface area, good biocompatibility, suitable pore diameter and particle size, are ideal candidates as nanocontainers for controlled drug release. 8, 9 Meanwhile, the silicon hydroxyl groups on MSNs are active and easy to be functionalized, making it possible to prepare more novel stimuli-responsive hybrid materials based on MSNs. 10, 11 For example, Fe 3 O 4 12 and CdS 13 nanoparticles functionalized MSNs with redox stimuli-responsiveness were reported by Lin et al., and Zink, Stoddart and our group have developed a series of supramolecular nanovalves 2−5,9 based on macrocyclic synthetic receptors (cucurbiturils (CBs), 14−16 cyclodextrins (CDs), 17, 18 calixarenes 19−21 and pillararenes 22 ) and MSNs for controlled drug release.
Meanwhile, the intersection of materials science and polymer chemistry provides fresh ideas for the design of hybrid materials. A pH-and salt-sensitive CDDS reported by Shi and co-workers utilized PAH/PSS multilayers on hollow MSNs as a coating to prevent loaded drugs from leaking. 23 Feng et al. constructed a redox-responsive polymer network on poly(Nacryloxysuccinimide) (PNAS)-grafted MSNs via the crosslinking of PNAS chains by adding cystamine. 24 Then, they further introduced β-CD and guest molecules into PNASgrafted MSNs to form a supramolecular polymer network with multiple stimuli-responsiveness. 25 The pH-responsive nanovalve systems consisted of polyethylenimine(PEI)/CD polypseudorotaxanes and MSNs were also designed for drug release by Kim et al. 17 There is no doubt that the joint of polymeric materials and supramolecular macrocyclic synthetic receptors endows MSNs more excellent performance, which is a feasible route to prepare new functional hybrid materials for CDDS and other possible applications. Poly(glycidyl methacrylate)s (PGMAs) have been applied in many research fields, ascribed to its straightforward synthesis, good biocompatibility and easy chemical modification. 26−29 For example, various cationic PGMA derivatives prepared via ring opening reaction by amines were used as carriers for anionic biomolecules, especially pDNA. 28, 29 And, we have been also devoting ourselves to the fabrication of novel hybrid materials for controlled drug release by combining PGMA derivatives and MSNs. 30−32 Azobenzene-functionalized MSNs coated by β-CD-modified PGMA via host−guest interactions exhibited UV stimuli-responsiveness and better efficiency for controlled drug release compared with those being coated by individual β-CDs. 30 Meanwhile, layer-by-layer alternant assemblies of EDA-PGOHMA and CB [7] rings on MSNs via ion−dipole interactions realized pH sensitive disassembly followed by further application as smart anticancer drug nanocarriers. 31 To meet the different needs of drug release at certain lesion locations, it is necessary to study CDDS with different stimuliresponsiveness (light, 33 20 A series of hybrid materials prepared for controlled drug release at tumor location were always pH or GSH stimulus-responsive because of its aberrant tumor intracellular environment compared with normal tissues, such as acidic pH levels of endosome and lysosome (5.0−5.5), high level glutathione (GSH) concentration (2−10 mM) and oxidative microenvironment in mitochondria due to high concentration of H 2 O 2 .
44−46 Importantly, the design of a smart hybrid material that can be operated simultaneously by pH and GSH is still meaningful for improving the curative effect and reducing the side effects of cancer chemotherapy. As protonated ethanediamine (EDA) forms 2:1 host−guest complex with CB [7] through cation−dipole interaction, 47 we employed PGMA chains ring-opened by EDA and CB [7] s to build a dynamic cross-linked network with pH sensitivity on MSN surfaces. 31 Meanwhile, disulfide bonds between PGMA chains and MSNs endowed the hybrid material GSHresponsiveness. The drug release performances of the hybrid material in different in vitro environments and its cell-growth inhibition assay for A549 cells after loading with DOX are also discussed in detail in this paper.
■ EXPERIMENTAL SECTION
Materials. Most of the chemicals and reagents used herein, such as (3-mercaptopropyl)trimethoxysilane, tetraethoxysilane (TEOS), 2,2′-dipyridyl disulfide and dicyclohexylcarbodiimide (DCC), were of analytical grade and purchased from Aladdin, China. Cetyltrimethylammonium bromide (CTAB) was purchased from Sinopharm, Glutathione (GSH) from J&K Scientific Ltd. and DOX from Beijing Huafeng United Technology Co. Ltd. A series of phosphate buffers (PBS) were prepared according to the Chinese Pharmacopeia (Second Part, 2010 Edition). CB [7] was synthesized according to the method reported by Day et al. 48 2-Hydroxyethyl 2-bromoisobutyrate and PGMAs with hydroxyl groups at the chain ends were prepared according to the literature with some modifications. 49−51 Measurements. Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 300 MHz NMR spectrometer. Molecular weight and polydispersity were measured on gel permeation chromatography (GPC, equipped with a Waters e2695 HPLC pump, a Waters 2414 differential refractive detector and PSS columns, linear polystyrene standards were used for calibration.), employing tetrahydrofunan (THF) as the mobile phase at 35°C with flow rate of 1 mL/min. Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku Ultima IV powder diffractometer. Fourier transform infrared spectra (FT-IR) were measured using a Vertex 80 V spectrometer. The ζ-potentials of materials were measured via Zetasizer Nano ZS. Nitrogen adsorption and desorption measurements were performed on a Micromeritics Gemini. Meanwhile, Brunauer−Emmett−Teller (BET) and Barrett−Joyner−Halenda (BJH) models were chosen to calculate the surface area and pore diameter. Thermogravimetric analysis (TGA) was operated on a TA Q500 with a 10 K/min heating rate in N 2 atmosphere. The different morphologies of materials were observed via scanning electron microscopy (SEM) on a JEOL JSM 6700F instrument and transmission electron microscopy (TEM) on a Hitachi H-800 that was operated with an accelerating voltage of 200 kV. Controlled release processes were monitored on a Shimadzu UV-1800 spectrophotometer. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were carried out on a microplate reader (Biotek, Elx800) and confocal laser scanning microscopy (CLSM) images were collected on a confocal fluorescence microscope (FV1000, Olympus).
Preparation of Bare Silica Nanoparticles (MSN-OH). CTAB (1.0 g), H 2 O (480 mL) and 2 M NaOH (aq, 3.5 mL) were added into a 1 L round-bottomed flask, and the mixture was stirred at 80°C for 30 min to form the corresponding template. Then TEOS (5.0 mL) was added rapidly, and the solution was stirred vigorously at 80°C for 2 h. The resulting white precipitate was obtained via filtration and drying. To get ordered mesoporous channels, the extraction method with acid methanol solution was applied to remove the template. The as-synthesized white material (1.0 g) was added into methanol (100 mL) solution mixed with concentrated HCl (1 mL) beforehand. The reaction solution was refluxed for 6 h at 60°C. After filtration and drying, silica nanoparticles with mesopores (MSN-OH) were obtained and then characterized by SEM, FT-IR, XRD, BET and BJH.
Preparation of Sulfhydryl Groups Functionalized Silica Nanoparticles (MSN-SH). 52 A dispersed suspension of synthesized MSN-OH (0.4 g) in anhydrous toluene (100 mL) was heated at 60°C under nitrogen atmosphere. 3-Mercaptopropyltrimethoxysilane (1.0 mL) was added, and then the reaction solution was stirred at 60°C for 20 h. After filtration, the resulting solid product was washed with anhydrous toluene and methanol and dried in a vacuum oven at room temperature overnight. MSN-SH was characterized by FT-IR, TGA and Raman spectroscopy.
Synthesis of Mechanized MSNs with Disulfide Bonds (MSN-SS-COOH). 1. Synthesis of 2-Carboxyethyl 2-Pyridyl Disulfide. 2-Carboxyethyl 2-pyridyl disulfide was prepared according to the literature report. 53 2,2′-Dipyridyl disulfide (1.5 g) and acetic acid (0.16 mL) were added into anhydrous ethanol (6 mL). When 2,2′-dipyridyl disulfide was dissolved completely, 3-mercaptopropionic acid (0.3 mL) was added, followed by stirring at room temperature for 2 days. After rotary evaporation to remove solvents, the residue was purified by column chromatography (eluent: n-hexane/CH 2 Cl 2 / MeOH = 70:35:2) to yield a white solid.
2. 2-Carboxyethyl 2-Pyridyl Disulfide Functionalized MSNs. MSN-SH (0.4 g) was dispersed in anhydrous ethanol (25 mL) containing the synthesized 2-carboxyethyl 2-pyridyl disulfide (0.24 g). Then, acetic acid (0.8 mL) was added to the solution, and the solution was stirred at room temperature for 48 h under nitrogen atmosphere. The resulting product was obtained after washing with ethanol and drying under vacuum at room temperature for 24 h, denoted as MSN-SS-COOH.
Grafting PGMA onto Silica Nanoparticles via Covalent Bond.
Synthesis of PGMA with Hydroxyl at the Chain End (PGMA-OH).
The DMF solution (4 mL) containing CuBr 2 (2.4 mg), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDTA, 13.6 μL) and GMA (1 mL) was stirred and purged with N 2 for 30 min. Then ascorbic acid and 2-hydroxyethyl 2-bromoisobutyrate were added, respectively, to activate the reaction. After the mixture was stirred at 50°C for another 4 h, raw product precipitated out in cool diethyl ether and was further purified by neutral alumina column. The structure and average molecular weight of the final product were characterized by 1 H NMR and GPC.
PGMA-OH Chains Grafted on MSNs by Forming Ester Bonds.
After PGMA-OH (300 mg) was dissolved in dry THF (120 mL), MSN-SS-COOH (300 mg), catalytic amounts of DCC and DMAP were added. Then the mixture was stirred at room temperature under nitrogen atmosphere for 3 days. The solid, marked as MSN-SS-PGMA, was isolated by centrifugation, washed with THF and dried under a vacuum at room temperature. MSN-SS-PGMA was again dispersed in THF (40 mL), followed by addition of ethylenediamine (EDA, 2.6 mL). The resulting solution was refluxed for 24 h under a nitrogen atmosphere, centrifuged and washed with THF and ethanol to obtain the final material, denoted as MSN-SS-(EDA-PGOHMA).
DOX Loading and Dynamic Supramolecular Cross-Linking of Polymer Chains via CB [7] s. Diffusion effect and concentration gradient were employed to load anticancer drug (doxorubicin hydrochloride, DOX) in the nanopores of the materials. The synthesized MSN-SS-(EDA-PGOHMA) materials (60 mg) were dispersed in an aqueous solution of DOX (2 mM, 24 mL), and then the suspension solution was stirred for 24 h. For further formation of dynamic linking structure toward polymer chains on the surfaces of MSNs, 60 mg of CB [7] s was added and the mixture was stirred for another 24 h. Finally, the corresponding products were obtained via centrifugation and denoted as MSNs@DOX@CB [7] . The equation of drug loading capacity was calculated as follows = × loading capacity (wt%) mass of loaded drug mass of loaded nanoparticles 100% DOX Release Activated by pH Changes and GSH Addition. To study systematically the controlled release performance of materials at different acidic pH values, MSNs@DOX@CB [7] (1 mg) was added in centrifuge tubes with 2 mL of PBS (0.2 M, pH = 7.4, 5.0, 4.0, 3.0 and 2.0, respectively). Then the tubes were put in a constant temperature vibrator and the temperature was maintained at 37°C. At specific time intervals, the supernatant containing released DOX was taken out for ultraviolet spectral analysis at 481 nm. Meanwhile, according to the weakly acidic and high level of GSH in tumor intracellular environment, different concentrations of GSH (0, 2, 5, 10 and 20 mM, respectively) in PBS (pH = 5.0) were also chosen to explore the dependence of drug release amount on GSH concentrations.
Cell Culture. A549 cells were bought from Shanghai Institute for Biological sciences, Chinese Academy of Science. They were incubated with the culture medium containing RPMI 1640 (90%) and fetal bovine serum (10%) under 37°C and 5% CO 2 conditions. Trypsin with 0.02% EDTA was utilized to resuspend cells.
Cell Viability Assays. Cell viability was evaluated by using a methyl-thiazolyltetrazolium (MTT) method. First, A549 cells were seeded onto 96-well plates at a density of 5 × 10 3 /well. After 24 h, as A549 cells attached to the plates, they were incubated with different concentrations of DOX, MSN-SS-PGOHMA (MSNs) and MSNs@ DOX@CB [7] for 24 h. Then MTT solution (10 μL, 1 mg/mL) was added into each well, and cells were further incubated for 4 h. After that, the culture medium in 96 wells was discarded through using a microsyringe and dimethyl sulfoxide (DMSO, 150 μL) was added into each well. The absorbance intensity was determined at 490 nm by a microplate reader (Biotek, Elx800). Results were presented as the % survival with respect to untreated control cells. Cell Imaging of A549 Cells. CLSM was employed to monitor further the therapeutic effects of our newly synthesized materials. At first, A549 cells were seeded on 35 mm confocal dishes and incubated for 24 h, then they were treated with MSNs@DOX@CB [7] in fresh medium. After different time intervals, 4, 12 and 24 h, A549 cells were stained with propidium iodide (PI) and Hoechst 33342 for 10 min. After that, PBS was utilized to wash dishes three times to remove extra dyes and then imaged under CLSM. 488 nm lasers were chosen to excite DOX and PI, with yellow channel monitoring the scale from 520 to 580 nm for DOX and red channel monitoring the scale from 600 to 660 nm for PI. 405 nm lasers were applied for Hoechst 33342 and the blue channel detects the emission of Hoechst 33342 ranged between 425 and 475 nm.
■ RESULTS AND DISCUSSION

Syntheses and Characterization of Mechanized MSNs.
The synthetic route of PGMA-SS-(EDA-PGOHMA) and its supramolecular assembly with CB [7] macrocycles are shown in Scheme 1. MSNs of spherical shape ( Figure 1 Figure 2A indicate that the synthesized MSN-OH belongs to MCM-41 type with highly ordered 2D hexagonal pore channel array. After a series of functionalizations, the 2D hexagonal pore channel array was still maintained, but its regularity degree inevitably reduced, inferred from the strong diffraction peak at 100 and three disappeared peaks in Figure  2A(b) . As shown in Figure 1 and Figure S5 , MSN-OH displayed spherical shape and its average diameter was around 68 ± 8.7 nm as calculated via statistics analysis of particle size distribution. After surface functionalization with 3-mercaptopropyltrimethoxysilane, 2-carboxyethyl 2-pyridyl disulfide and PGMA-OH step by step, the average diameter of target particles increased to 84.5 ± 12.9 nm. Except for blurry mesoporous structures, the legible polymer layer coating on MSNs can also be observed in the TEM image of MSN-SS-(EDA-PGMAOH) and its thickness is about 7 nm. Increasing of the diameters of MSNs and polymer layer observed visually demonstrated the successful graft of PGMA-OH chains on MSNs.
FT-IR spectroscopy was employed to direct the progress of MSN surface functionalization ( Figure 2C ). The strong absorption signals at around 1086 cm −1 in all the spectra of MSN-based materials belong to the stretching and asymmetric stretching of Si−O−Si bonds. Compared with the spectrum of MSN-SH, after modification with 2-carboxyethyl 2-pyridyl disulfide, the new peaks at 3434, 2966 and 1725 cm −1 assigned to the stretching vibration of −OH, −CH 2 and CO, respectively, can be observed, indirectly indicating the formation of disulfide bonds. The peak of MSN-SS-PGMA slightly shifted from 1725 to 1732 cm −1 when PGMA was grafted on MSN-SS-COOH via ester bonds. After ring-opening reaction of PGMA with EDA, the stretching vibration band of N−H at 3297 cm −1 was displayed. Because the stretching vibration band of S−H on MSN-SH was too weak to be observed via FT-IR spectroscopy, the existence of -SH was demonstrated by the Raman signal at 2580 cm −1 and no SH group was detected after conjugation with 2-carboxyethyl 2-pyridyl disulfide ( Figure 2B ). The surface functionalization extent of MSNs was characterized by TGA analysis ( Figure 2D ) and the final weight losses for all materials are presented in Table S1 . Increasing weight losses indicated the successful immobilization of 3-mercaptopropyltrimethoxysilane, 2-carboxyethyl 2-pyridyl disulfide and PGMA on MSNs. There is about 0.815 mmol/g carboxyl on MSN-SS-COOH as calculated from extra 8.57% weight loss after being modified by 2-carboxyethyl 2-pyridyl disulfide. 0.0175 mmol/g of PGMA-OH is grafted on MSN-SS-COOH via ester bond confirmed by its average mean molecular weight (5120 g/mol) and excess 12.77% of weight loss. In addition, the average surface potentials of MSNs are shown in Table S2 . These materials can be steadily dispersed in water and their ζ-potentials changed from −23.0 to +30.4 mV along with modification of MSNs. Meanwhile, the final MSNs@DOX@CB [7] with positive charged surface (+24.9 mV) is apt to be swallowed by cells via electrostatic interactions with the negatively charged cell surfaces. 54 pH-and GSH-Responsive Drug Release. The anticancer drug DOX was chosen as a model drug to study the stimuliresponsive release performance of our materials. There was ca. 1.4 wt % of DOX loaded in the mesopores of MSN-SS-(EDA-PGOHMA) nanoparticles as calculated by loading experiments. And the drug loading capacity was raised to 6.3 wt % after CB [7] addition, due to the formation of the compact crosslinked polymer layer on MSNs through EDA-PGOHMA polymer chains and CB [7] s, which can effectively avoid the leakage of DOX in the process of cargo loading.
As we know, protonated EDAs in EDA-PGOHMA chains can form 2:1 host−guest complexes with CB [7] through cation−dipole interaction. 31 Therefore, CB [7] s can be employed as molecular bridges linking two neighboring polymer chains to build a dynamic supramolecular polymer cross-linked network on MSNs. Compared with other general cross-linked structures of polymers formed via covalent bonds, this supramolecular polymer cross-linked network is flexible and its compactness can be regulated by the changes of external environment. To study systematically the pH-responsive performance of the designed dynamic cross-linked supramolecular network on MSNs, the drug release curves of MSNs@DOX@CB [7] in PBS solutions with different pH values (pH = 7.4, 5.0, 4.0, 3.0 and 2.0, respectively) were traced by UV−vis spectra ( Figure 3A) . At physiological environment (pH = 7.4), EDA-PGOHMA polymer chains grafted on MSNs have been tightly linked together by CB [7] s and became a dense supramolecular polymer cross-linked network, effectively avoiding the drug leakage and reducing the side effects of anticancer drugs, which was demonstrated by the limited DOX release from MSNs at pH of 7.4. Upon lowering the pH value, the concentration of hydronium ions increased and its competitive binding ability with CB [7] strengthened, resulting in the partial disassembly of the cross-linked supramolecular network. At pH = 5.0, the disassembly of cross-linked supramolecular network was too weak and slow to permit drug release. When the pH of the solution was lowered to 4.0, some CB [7] s escaped from the cross-linked network and bind with hydronium ions instead of original EDA-PGOHMA, leading to the disassembly of crosslinked network and 28.6% of drug release. Upon further reducing the pH value to 3.0 and 2.0, more CB [7] molecules were competitively robbing away from the cross-linked network by excessive hydronium ions and the cross-linked network further disassembled more thoroughly, resulting in a rapid release of DOX from the mesopores of MSNs.
In addition to the pH stimulus-responsive ability, the crosslinked network can be also activated by GSH owning to its redox ability toward disulfide bonds in polymer chains. After the same amount of GSH (10 mM) was added into PBS solutions with different pH values (e.g., pH = 7.4, 5.0 and 3.0), the release curves of DOX changed accordingly ( Figure 3B ). No significant acceleration of drug release was observed upon addition of GSH at pH = 7.4, mostly because the tightly crosslinked network prevents GSH molecules from entering the inner region of polymer layer to move polymer chains by cutting the disulfide bonds. However, when the pH value was lowered to 5.0, the cross-linked supramolecular network became loosened and GSH could enter the interior of polymer layer and plays an effective role. As a result, the total DOX release reaches to 6.0 × 10 −2 mg per 1 mg materials, about 2 times quantity of that under no GSH condition. At pH = 3.0, excessive hydronium ions make the cross-linked network disassemble thoroughly, so DOX molecules could freely escape from MSNs and its release quantity is not affected by the added GSH. However, the drug release reached a plateau only within 3 h after adding GSH, indicating that the drug release rate has been increased obviously.
As is well-known, pH value and GSH concentration in tumor intracellular environment are 5.0−5.5 and 2−10 mM, respectively, which are deviated from the normal level (pH = 7.4, C GSH = 2−20 uM). So, the designed pH and GSH stimuliresponsive hybrid material is an ideal candidate as anticancer drug carriers. The influence of GSH concentration on drug release at pH = 5.0 was also studied and their positive correlation relationship was presented in Figure 3C ,D. Higher concentrations of GSH result in higher degrees of cleavage toward polymer chains, and fewer obstacles make DOX run The cytotoxicity of MSNs to A549 cells and its therapeutic efficiency after loading with DOX were investigated by MTT assay (Figure 4) . The results showed that cell viabilities remained higher than 93%, even though the concentration of MSNs was as high as 40 μg/mL, indicating MSNs itself has negligible cytotoxicity to A549 cells. Meanwhile, good cellgrowth inhibition effect was presented when DOX was loaded in MSNs and the cell viability was only 35% at DOX concentration of 2.5 μg/mL. Moreover, cell-growth inhibition rate of MSNs@DOX@CB [7] toward cancer cells was in the range of 0−1.25 μg/mL, and the fact that A549 cells treated with MSNs@DOX@CB [7] have higher cell viability is reasonable, because it takes some time for drug release from MSNs. In general, the cancer cell-growth inhibition effect of MSNs@DOX@CB [7] at 0.63−2.5 μg/mL is optimiztic and it is hopeful to use this organic−inorganic hybrid material as anticancer drug nanocarriers.
The therapeutic effects of DOX loaded in hybrid materials were further investigated by confocal microscope in real time. After different incubation times (4, 12 and 24 h, respectively) with MSNs@DOX@CB [7] , cells were washed with PBS for three times to remove extra materials in nutrient solution. Hoechst 33342 was used to stain the nucleus, and PI could easily penetrate membranes of dead cells and emit bright red light, so it was used to stain and label dead cells. As shown in Figure 5 , most of DOX could enter the nucleus at the first 4 h, while the cells still remain alive which was inferred from no emission signal of PI detected in Figure 5e1 . When cells were treated with materials for 12 h, the red emission light of PI could be observed in Figure 5e2 , predicting that the membrane of cells was partly broken and they went to apoptosis. Almost all cells were dead after being cultivated with materials for 24 h (Figure 5e3 ). In addition, morphology changes of A549 cells could be notably observed through images of bright field (Figure 5a 1,2,3 ) and vividly display the dead process of cells, demonstrating good therapeutic effects of MSNs@DOX@ CB [7] on A549 cells.
■ CONCLUSION
In conclusion, the dynamic cross-linked supramolecular network employed as a pH and GSH dual stimuli-responsive nanovalve, was constructed on MSNs via covalent bonds and host−guest interactions between CB [7] s and EDA-PGOHMAs. The disassembly of the cross-linked polymer network by lowering the pH value was the key and indispensable factor to result in drug release. Meanwhile, addition of GSH could remove polymer chains via the cleavage of disulfide bonds and efficiently promote drug release at certain pH value. So, little premature release at normal physiological environment was realized and undesired drug side-effects can be effectively decreased through using the prepared material to load drugs. At the same time, good drug release performance of MSNs@ DOX@CB [7] was displayed at simulated tumor intracellular environment (pH = 5.0, C GSH = 2−10 mM), suggesting that this material is an ideal candidate as anticancer drug carriers. In addition, in vitro cell-growth inhibition assay and CLSM experiments about the hybrid material for A549 cells proved, after loading DOX, it has very good inhibitory effect on cancer cell growth by triggering its death. All in all, the designed hybrid material is a smart nanovessel for controlled anticancer drug release, and this new supramolecular approach may pave a new avenue in the construction of novel organic−inorganic hybrid materials for cancer therapy.
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